Converting stover into sugars that can be fermented to ethanol involves a harsh thermochemical pretreatment step to remove hemicellulose and modify lignin to loosen the cell wall structure, and a saccharifi cation treatment step in which cellulase enzymes are added to hydrolyze cellulose to glucose (Wyman et al., 1992 (Wyman et al., , 2005 . With this two-step process, the amount of ethanol produced from a fi xed amount of corn stover depends on the concentration of cellulose in the stover and the proportion of the cellulose that is released as free glucose which can then be fermented to ethanol. Lignin is known to limit the accessibility of enzymes to cell wall polysaccharides, thereby reducing degradability of cellulosic biomass by ruminant livestock and in ethanol production (Jung and Deetz, 1993; Torney et al., 2007) . Therefore, the ideal corn stover for cellulosic ethanol will have a high concentration of cell wall glucose (g kg −1 of stover dry matter; herein referred to as "Glucose"), a high percentage of glucose released from the stover (g kg −1 glucose; herein referred to as "Glucose Release"), and a low concentration of lignin in the cell wall matrix (g kg −1 of cell wall; herein referred to as "Lignin") (Dien et al., 2006) .
Corn grain yields in the United States have increased from roughly 1.3 Mg ha −1 in the 1930s to 9.5 Mg ha −1 in 2007 (USDA National Agricultural Statistics Service, 2008) . Corn productivity has been improved through better cultural management practices and aggressive breeding for grain yield, lodging resistance, insect and disease resistance, and other agronomic traits (Duvick, 1992) . Silage-corn cultivars with improved forage yield and quality for ruminant nutrition have likewise been developed (see Coors and Lauer [2001] for a review). Corn, however, has not been bred for stover quality for cellulosic ethanol production. While genetic variation has been found for traits relevant to the production of cellulosic ethanol (Lorenz et al., 2009) , associations of grain yield and agronomic traits with stover quality traits for ethanol are largely unknown, and antagonistic relationships may hinder simultaneous genetic improvement of corn for grain yield and cellulosic ethanol. For example, studies have shown that brown midrib genes, associated with low lignin in corn and sorghum (Sorghum bicolor L.) stover, are associated with lower grain yield and increased stalk lodging (Miller et al., 1983; Lee and Brewbaker, 1984; Pedersen et al., 2005) .
Stover yield and quality are both targets in breeding corn for cellulosic ethanol (Lorenz et al., 2009) . Estimates of the amount of stover that can be removed from the fi eld have ranged from 25% (Blanco-Canqui and Lal, 2009) to 70% (Sheehan et al., 2004) . As a breeding objective, stover quality for cellulosic ethanol is unaff ected by the amount of stover that can be sustainably removed from the fi eld. Our objective in this study was to assess the feasibility of breeding corn for grain yield and agronomic traits as well as stover quality traits for cellulosic ethanol production. We examined the mean, genetic variance, heritability, and phenotypic and genetic correlations for grain yield, agronomic traits, and stover quality traits (Glucose, Lignin, and Glucose Release) in testcrosses of the intermated B73 × Mo17 corn population (Lee et al., 2002) .
MATERIALS AND METHODS

Plant Materials and Field Evaluation
A total of 223 recombinant inbreds derived from the intermated B73 × Mo17 population (Lee et al., 2002) were testcrossed, along with the parental inbreds, to a proprietary Monsanto inbred. This Monsanto inbred was used as the tester because of its good performance when crossed to both B73-type and Mo17-type inbreds. In 2007, the testcrosses were evaluated in two locations at the University of Minnesota Southern Research and Outreach Center in Waseca and two locations at the University of Minnesota Southwest Research and Outreach Center in Lamberton, for a total of four locations. The two locations within each research and outreach center diff ered in soil type and were planted 5 to 7 d apart. The soil types at the two locations in Waseca were Webster clay loam and Nicollet clay loam, whereas the soil types at the two locations in Lamberton were Normania loam and Ves loam. The 223 recombinant inbred and parent testcrosses were divided into fi ve sets and each set, including fi ve commercial check hybrids, was evaluated in a randomized complete block design with one replication at each location. The testcrosses and check hybrids were planted in four-row plots, each row 6.71 m long and spaced 0.76 m apart, at a plant population density of 77,000 ha . Typical agronomic practices, including tillage, herbicide, and insecticide treatments, were applied. Pre-and/or postemergent herbicides were used to control weeds.
Agronomic data obtained from each plot included grain yield (Mg ha ), root lodging (percentage of plants leaning from the vertical at an angle of 45° or more), stalk lodging (percentage of plants with stalks broken below the ear), and plant height (distance, in cm, from the soil surface to the tip of the corn tassel). Grain yield and grain moisture data were obtained by machineharvesting two adjacent rows in each plot.
After the grain was harvested, stover samples consisting of stalks and leaves, excluding the ears (grain, cob, husk, and shank), were obtained from the remaining two rows. Five representative plants (i.e., excluding plants at the ends of the rows or that looked atypical) from each plot were cut 10 cm above the soil surface. The stover was then chopped with a yard waste chipper/shredder and a 1-kg sample for each entry was collected. The samples were dried at 60°C, ground through a 6-mm screen in a cutting-type mill, and reground through a 1-mm screen in a cyclone-type mill.
Stover Analysis
All dried and ground stover samples were scanned (1100-2500 nm) by near-infrared refl ectance spectroscopy (NIRS) with a Foss Model 6500 scanning monochrometer (Foss North America Inc., Eden Prairie, MN). From the 900 stover samples (i.e., testcrosses of the 223 recombinant inbreds and two parents, grown at four locations), a calibration subset of 154 samples was selected in the following manner for chemical analysis; check hybrids were excluded from the calibration set. A total of 70 calibration samples prediction exceeded 1.8 times the standard error of the calibration. Visible wavelengths (400-1099 nm) were eliminated in prediction equation development. The 1, 4, 4, 1 math treatment (fi rst derivative, gap over which derivative was calculated, number of data points used in fi rst smoothing, and no second smoothing) was used for all equation development. Based on the results (Table 1) , the NIRS calibrations were deemed reliable and were used to predict the values of Glucose, Glucose Release, total cell wall polysaccharides, and Klason lignin in the entire set of stover samples. Cell wall concentration was calculated as the sum of total cell wall polysaccharides and Klason lignin. Lignin was calculated as a ratio of Klason lignin to total cell wall concentration.
Selection Indices
Three multitrait selection indices were calculated. An index of stover quality traits (herein referred to as "Stover Quality Index" for brevity) was a nonparametric rank-sum index (Kang, 1988) for high Glucose Release, low Lignin, and high Glucose. The Stover Quality Index was created by ranking the testcrosses for Glucose Release, Glucose, and Lignin and summing the ranks for the three traits. The Yield Index was a retrospective index calculated as (grain yield in Mg ha (Bernardo, 1991) . The Yield+Stover Index was calculated as the sum of the Yield Index and Stover Quality Index for each testcross.
We identifi ed the best 10 testcrosses, two from each set, for each of the three indices. These selection groups are referred to as the Yield Index selections, Stover Quality Index selections, and Yield+Stover Index selections.
Statistical Analysis
Testcross means, variance components, and heritabilities (h 2 ) of each trait across all four locations were calculated. The check-hybrid data were removed and an analysis of variance (ANOVA) was performed using PROC GLM in SAS/STAT (SAS Institute, 2004) . Locations and testcrosses treated as random eff ects and the ANOVA for testcrosses had the following sources of variation: locations, sets, set × location interaction, testcrosses/sets, and residual. The check hybrids were analyzed separately to estimate the within-location error for each trait, and the ANOVA for check hybrids had the following sources of variation: locations, replications/locations, check hybrids, check-hybrid × location interaction, and pooled within-location error. Linear contrasts were used to test the signifi cance (P = 0.05) of the diff erences among means of the whole population, parental testcrosses, Yield Index selections, Stover Quality Index selections, and Yield+Stover Index selections. Residual mean squares from the ANOVA of the across-locations testcross data were used as the error terms in the linear contrasts.
Variance components were obtained by equating the expected mean squares to the observed mean squares and solving for the desired component. The h 2 of each trait was calculated on a testcross-mean basis (Bernardo, 2002, p. 126) . Confi dence intervals at the 95% level were calculated for the testcross genetic variance (V G ), testcross × location interaction variance (V G×L ), and h 2 according to Knapp et al. (1987) . Estimates of within-location error from the analysis of the check hybrids were used in estimating V G×L for the testcrosses.
were selected using Intrasoft International (ISI, Port Matilda, PA) NIRS 3 ver. 4.0 software programs "Center" and "Select" to represent the spectral diversity of the testcrosses. Eighty calibration samples were chosen by stratifi ed random sampling within the 20 set-location combinations to ensure equal representation from the physical experimental design. Finally, two samples for testcrosses of each of the inbred parents were randomly selected given that the B73 and Mo17 testcrosses had not been selected in the fi rst two steps of the calibration sampling procedure. The calibration samples were analyzed in duplicate for Glucose, Lignin, and Glucose Release as described below.
Cell wall components (glucose, xylose, arabinose, galactose, mannose, rhamnose, fucose, uronic acids, and Klason lignin) of the stover were determined by the Uppsala dietary fi ber method (Theander et al., 1995) . Starch-free alcohol-insoluble residues were prepared and subjected to a two-stage sulfuric acid hydrolysis to hydrolyze the cell wall polysaccharides to their monosaccharide constituents. Neutral sugar residues (glucose, xylose, arabinose, mannose, galactose, rhamnose, and fucose) were quantifi ed by gas chromatography as alditol acetate derivatives, as described by Theander et al. (1995) . Total uronic acids were measured by colorimetry before the second stage of acid hydrolysis (Ahmed and Labavitch, 1977) using glucuronic acid as the calibration standard. Klason lignin was determined as the ash-free insoluble residue remaining after the two-stage acid hydrolysis. Concentration of total cell wall polysaccharides was calculated as the sum of all the cell wall neutral sugars and uronic acids, corrected to an anhydro basis. Concentration of cell wall components was corrected to a 100°C dry matter basis.
A modifi cation of the Dien et al. (2006) method was used to determine Glucose Release. The stover was pretreated with a 1.5% (w/v) sulfuric acid solution and processed at 121°C in an autoclave for 60 min. The level of acid loading utilized in our analysis was determined to provide an ending pH of 1.5 in the reaction mixture after heating for corn stover. The samples were adjusted to a pH of 4.5 after heating, with 2 M potassium hydroxide and 1 M citrate buff er. A mixture of cellulase (Celluclast) and β-glucosidase (Novozyme 188) was added to the samples to hydrolyze cellulose (Adner and Baker, 1996) . Activity of the stock enzyme solutions was assayed (Adner and Baker, 1996) and suffi cient enzyme was added to provide 50 fi lter paper units of cellulase and 200 ⎧mol min −1 β-glucosidase activity. Samples were then incubated in a 45°C water bath for 72 h and the reaction mixtures were freeze-dried. Rather than analyzing the reaction supernatant for released glucose as in Dien et al. (2006) , the residue after saccharifi cation was analyzed by the Uppsala method to measure residual nonhydrolyzed cell wall glucose (Theander et al., 1995) . Release of glucose by the conversion process was calculated as the percentage of glucose removed from the structural cell wall matrix by the dilute acidhigh temperature pretreatment and cellulase hydrolysis.
Calibration equations for Klason lignin, total cell wall polysaccharides, Glucose, and Glucose Release were developed from the 154 calibration samples with the ISI NIRS 3 ver. 5.0 software program Calibrate (ISI, Port Matilda, PA). Modifi ed partial least squares regression with two passes to eliminate outliers was used Westerhaus, 1991a, 1991b) . Outliers eliminated from the calibration calculations were those samples for which the diff erence between the laboratory chemistry result and NIRS Phenotypic and genetic correlations among the traits were calculated. Testcross phenotypic correlations were calculated as simple Pearson correlations among the testcross means across locations. Genetic correlations were calculated as
1/2 , where Cov 12 was the testcross genetic covariance between Traits 1 and 2, V G(1) was the V G for Trait 1, and V G(2) was the V G for Trait 2. The Cov 12 was calculated from the sum of squares and cross-products matrix obtained with the MANOVA option in PROC GLM in SAS/STAT (SAS Institute, 2004) . Standard errors of estimates of genetic variances and heritability were calculated (Hallauer and Miranda, 1981) . The standard errors for the genetic correlations were calculated as described by Falconer and Mackay (1996, p. 316) .
RESULTS
Trait Means
Compared to the whole population, the Yield Index selections had a signifi cantly higher mean for grain yield and signifi cantly lower means for grain moisture, stalk lodging, root lodging, and plant height (Table 2 ). In particular, mean grain yield was 12% higher in the Yield Index selections than in the whole population. The Yield Index selections had a slightly higher Glucose and Glucose Release but the mean Lignin in the Yield Index selections was not signifi cantly diff erent from the mean Lignin in the whole population.
Compared with the whole population, the Stover Quality Index selections had signifi cantly higher means for Glucose and Glucose Release and a signifi cantly lower mean for Lignin ( Table 2 ). The Stover Quality Index selections had a slightly higher grain yield and lower root lodging and plant height, but the mean moisture and stalk lodging in the Stover Quality Index selections was not signifi cantly diff erent from the corresponding means in the whole population. In particular, the mean grain yield was 4% higher in the Stover Quality Index selections than in the whole population.
Except for grain moisture, the means for grain yield and agronomic traits were not signifi cantly diff erent between the Yield+Stover Index selections and the Yield Index selections. Likewise, the means for Glucose, Glucose Release, and Lignin were not signifi cantly diff erent between the Yield+Stover Index selections and the Stover Quality Index selections. The diff erence in grain moisture between the Yield+Stover selections and the Yield Index selections was only 7 g kg −1
. The mean grain yield was 10% higher in the Yield+Stover Index selections than in the whole population.
The three selection indices had one recombinant inbred in common (IBM RI M0014). In addition, two recombinant inbreds (IBM RI M0003 and IBM RI M0206) were common between the Yield Index and Yield+Stover Index selections, whereas three recombinant inbreds (IBM RI M0110, IBM RI M0216, and IBM RI M0379) were common between the Stover Quality Index and Yield+Stover Index selections.
Variance Components and Correlations
The V G and h 2 estimates for all traits were signifi cantly diff erent from zero (P < 0.05) ( Table 3 ). The h 2 among grain yield and agronomic traits ranged from 0.23 for stalk lodging to 0.86 for grain moisture. The three stover quality traits exhibited moderate to high h 2 estimates of 0.57 for Glucose, 0.63 for Glucose Release, and 0.68 for Lignin. The Yield Index, Stover Quality Index, and Yield+Stover Index all had genetic variance and h 2 estimates signifi cantly different from zero (P < 0.05), with moderate h 2 estimates of 0.57 for the Yield Index, 0.67 for the Stover Quality Index, and 0.63 for the Yield+Stover Index.
Estimates of phenotypic and genetic correlation coeffi cients for grain yield with Glucose, Glucose Release, and Lignin were in a favorable direction (Table 4) . Grain yield had positive phenotypic correlations with Glucose (r P = 0.27) and Glucose Release (r P = 0.14) and a negative phenotypic correlation with Lignin (r P = −0.17). Likewise, grain yield had positive genetic correlations with Glucose (r G = 0.36) and Glucose Release (r G = 0.36) and a negative genetic correlation with Lignin (r G = −0.42). Phenotypic and genetic correlations among grain yield and the agronomic traits were in a favorable direction or were nonsignifi cant (P = 0.05). Glucose Release and Lignin had moderately strong phenotypic (r P = −0.66) and genetic (r G = −0.76) correlations.
The Yield+Stover Index had strong positive correlations (r P and r G > 0.70) with the Yield Index and Stover Quality Index. The Yield Index and the Stover Quality Table 1 . Calibration statistics of near-infrared refl ectance spectroscopy prediction equations developed for corn stover cell wall total polysaccharides, glucose and Klason lignin concentrations, and release of glucose by a dilute acid-high temperature pretreatment and enzymatic saccharifi cation conversion process. Index had signifi cant phenotypic (r P = 0.31) and genetic (r G = 0.38) correlations.
DISCUSSION Corn for Grain Production and Cellulosic Ethanol
We selected B73 and Mo17 not because of their means for stover quality traits but because both inbreds have been extensively used as parents in the development of elite corn inbreds and, consequently, the B73 × Mo17 population represents much of the genetic variation in the U.S. Corn Belt (MBS Genetics, 2003) . Two main results were found in this study. First, we found signifi cant genetic variation in the B73 × Mo17 population for stover quality traits important for ethanol production (Glucose, Glucose Release, and Lignin). Second, the genetic and phenotypic correlations were favorable or were neutral among grain yield, agronomic traits, and Glucose, Glucose Release, and Lignin.
A previous study showed that 45 corn inbreds differed for lower stem cell wall quality traits, including cell wall concentration and Lignin (Jung and Buxton, 1994) . Buxton, unpublished, 1994) . Among all 45 inbreds, B73 had the highest lignin concentration (208 g kg −1 cell wall for B73 vs. 156 g kg −1 cell wall for Mo17) (Jung and Buxton, 1994 ). In the current study, the testcross means of B73 and Mo17 diff ered in stover Glucose but not in Glucose Release or Lignin. The signifi cant V G for all three stover quality traits indicated that a divergence in parental means was not a requirement for genetic variance in the cross. This result was consistent with previous results for other traits such as grain yield and moisture, for which transgressive segregation for testcross performance was observed in crosses between elite maize inbreds that were genetically diverse (Zanoni and Dudley, 1989; Lamkey et al., 1995) .
The higher heritability estimates for Glucose, Glucose Release, and Lignin than for grain yield and stalk and root lodging in this study suggest that corn stover quality for cellulosic ethanol would be easier to improve than grain productivity. A comparison of realized selection responses for grain yield and stover quality traits in corn breeding programs would allow further insights into improving these multiple traits in a wide array of elite germplasm.
The genetic and phenotypic correlations as well as the means of the Yield Index, Stover Quality Index, and Yield+Stover Index selections indicated a lack of trait associations that would prevent simultaneous improvement for both grain productivity and stover quality for cellulosic ethanol. While the Yield Index selections were best for grain yield and agronomic traits and the Stover Quality Index selections were best for stover quality traits, the Yield+Stover Index selections had improved means for all traits. Previous studies have shown that the brown midrib-3 mutant, which improves the digestibility of corn stover by reducing lignin, was detrimental to corn grain yield (Miller et al., 1983; Lee and Brewbaker, 1984) . In contrast, the negative genetic correlation (r G = −0.42) in our study indicated a moderate association between (lower) Lignin and (higher) grain yield. Based on these results, we speculate that lignin concentration in the B73 × Mo17 population was controlled by multiple minor loci that have little or no pleiotropic eff ect on grain yield, instead of by major genes such as brown midrib-3.
Prospects and Practicality of Breeding for Grain Yield and Cellulosic Ethanol
The total amount of fermentable glucose that can be recovered from a fi xed amount of stover is equal to the product of cell wall glucose concentration in the stover and the proportion of that glucose that can be released by the conversion process. Because the results from our study showed nonsignifi cant phenotypic and genetic correlations between Glucose and Glucose Release, these two traits can be improved independently (at least within the range of values of Glucose and Glucose Release in this study). The glucose yield from a fi xed amount of average stover for the Yield+Stover Index selections was (354 g kg −1 dry matter) × (0.528) = 187 g kg −1 dry matter. If breeding would allow combining the highest Glucose observed in the whole population (385 g kg −1 dry matter; Table 2 ) with the best Glucose Release in the whole population (606 g kg ), glucose yield from a fi xed amount of stover would be 233 g kg −1 dry matter. This represents a potential improvement of up to 25% in the total glucose yield over that in the Yield+Stover Index selections. While the conversion process used in our study was not optimized to provide maximal release of free glucose from corn stover, it is a standardized protocol that can be used to compare diff erent biomass sources and provide a relative comparison (Dien et al., 2006) . Our study focused on stover quality rather than stover yield. Plant height is a rough indicator of biomass yield; regression analysis has indicated that plant height and stalk diameter of corn plants can be used to estimate the wet or dry weight of corn stover (R 2 = 0.76; Pordesimo et al., 2004) . In our study, all three selection indices led to significantly lower means for plant height compared to the whole population. This result suggests that breeding for grain yield and moisture could be partly antagonistic with breeding for stover biomass yield. Furthermore, not all corn stover could be harvested because an adequate amount of corn residue should be left in the fi eld for soil preservation. One study suggested that 40% of the corn residue could be collected under continuous corn production and mulch till, whereas 70% could be collected under a no-till system (Sheehan et al., 2004) . A diff erent study concluded that only 25% of the corn stover might be available for removal (Blanco-Canqui and Lal, 2009) . Other studies have suggested that less stover can be removed if soil carbon sequestration goals as well as erosion prevention are considered (Wilhelm et al., 2004 (Wilhelm et al., , 2007 . Overall, the possible antagonistic relationship between grain yield and stover yield, along with the variable amount of stover that can be harvested, suggest that stover quality for cellulosic ethanol is a more stable breeding target than stover yield.
The positive genetic and phenotypic correlations between grain yield and Glucose may have been largely due to expressing Glucose as a concentration rather than as yield per unit area. Grain yield would increase if a larger amount of sucrose and other non-cell wall carbohydrates is mobilized from the stover into the kernels during grain fi lling. In this situation, the total amount of glucose bound in the cell walls would remain constant but, due to mobilization, the total amount of stover dry matter would decrease. A constant amount of cell wall glucose but a decreased amount of total dry matter would lead to a higher concentration of glucose, that is, Glucose expressed as g kg −1 dry matter in this study. This would then lead to a positive correlation between grain yield and Glucose, but it would not lead to an increase in the glucose yield per unit area (e.g., Mg glucose ha
−1
). The stover samples we studied did not include vegetative ear components (cob, husk, and shank), which diff er from stalks and leaves in their tissue anatomy and probably in their composition. Cobs and husks account for 30% of corn stover biomass (Atchison and Hettenhaus, 2003) . A purely practical reason for excluding the ears in this study was the large labor requirement for shelling the ears in the fi eld before chopping the stover samples. Whether these ear components exhibit similar genetic variation for cellulosic ethanol quality traits as we observed for the rest of the corn stover is unknown.
Overall, our results indicated that current corn breeding programs can incorporate stover quality for cellulosic ethanol as a breeding objective with the elite germplasm that is currently being used and without adversely aff ecting genetic gains for grain yield and agronomic traits. Useful genetic variation for stover quality for cellulosic ethanol may come from non-elite germplasm. However, unadapted or exotic germplasm usually has inferior grain yield and agronomic performance (Hallauer and Sears, 1972; Holland et al., 1996) and their use as donor germplasm may lead to cultivars with better stover quality for cellulosic ethanol but lower grain yield. The NIRS methodology is used routinely for forage quality analysis in both research and commerce, and NIRS prediction equations could be used to cheaply and quickly measure Glucose, Glucose Release, and Lignin to breed for improved stover quality. The calibration equations we developed for prediction of stover quality traits had moderate to high R 2 values, ranging from 0.66 for Klason lignin and 0.92 for Glucose (Table 1) . These prediction equations, although imperfect, are of suffi cient accuracy for screening large numbers of samples and selecting the best candidates in breeding.
A limitation in breeding for stover quality will be stover collection, which is time consuming and laborious. Molecular markers, which have become increasingly inexpensive (Ha et al., 2007; Hyten et al., 2008) , can be incorporated into the breeding program to reduce the amount of stover collection required in a selection program. We are currently identifying quantitative trait loci in the B73 × Mo17 population and comparing marker-based selection procedures (Johnson, 2004; Eathington et al., 2007; Bernardo and Yu, 2007) for the simultaneous improvement of both corn grain yield and stover quality for cellulosic ethanol.
